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The Major histocompatibility complex (MHC) class I pep-
tidome is thought to be generated mostly through protea-
somal degradation of cellular proteins, a notion that is
based on the alterations in presentation of selected pep-
tides following proteasome inhibition. We evaluated the
effects of proteasome inhibitors, epoxomicin and bort-
ezomib, on human cultured cancer cells. Because the
inhibitors did not reduce the level of presentation of the
cell surface human leukocyte antigen (HLA) molecules,
we followed their effects on the rates of synthesis of both
HLA peptidome and proteome of the cells, using dynamic
stable isotope labeling in tissue culture (dynamic-SILAC).
The inhibitors reduced the rates of synthesis of most
cellular proteins and HLA peptides, yet the synthesis rates
of some of the proteins and HLA peptides was not de-
creased by the inhibitors and of some even increased.
Therefore, we concluded that the inhibitors affected the
production of the HLA peptidome in a complex manner,
including modulation of the synthesis rates of the source
proteins of the HLA peptides, in addition to their effect on
their degradation. The collected data may suggest that
the current reliance on proteasome inhibition may over-
estimate the centrality of the proteasome in the genera-
tion of the MHC peptidome. It is therefore suggested
that the relative contribution of the proteasomal and non-
proteasomal pathways to the production of the MHC pep-
tidome should be revaluated in accordance with the in-
hibitors effects on the synthesis rates of the source
proteins of the MHC peptides. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M112.026013, 1853–1864, 2013.

The repertoires and levels of peptides, presented by the
major histocompatibility complex (MHC)1 class I molecules at
the cells’ surface, are modulated by multiple factors. These

include the rates of synthesis and degradation of their source
proteins, the transport efficacy of the peptides through the
transporter associated with antigen processing (TAP) into the
endoplasmic reticulum (ER), their subsequent processing and
loading onto the MHC molecules within the ER, and the rates
of transport of the MHC molecules with their peptide cargo to
the cell surface. The off-rates of the presented peptides, the
residence time of the MHC complexes at the cell surface, and
their retrograde transport back into the cytoplasm, influence,
as well, the presented peptidomes (reviewed in (1)). Even
though significant portions of the MHC class I peptidomes are
thought to be derived from newly synthesized proteins, in-
cluding misfolded proteins, defective ribosome products
(DRiPs), and short lived proteins (SLiPs), most of the MHC
peptidome is assumed to originate from long-lived proteins,
which completed their functional cellular roles or became
defective (retirees), (reviewed in (2)).

The main protease, supplying the MHC peptidome produc-
tion pipeline, is thought to be the proteasome (3). It is also
responsible for generation of the final carboxyl termini of the
MHC peptides (4), (reviewed in (5)). The final trimming of the
n-termini of the peptides, within the endoplasmic reticulum
(ER), is thought to be performed by amino peptidases, such
as ERAP1/ERAAP, which fit the peptides into their binding
groove on the MHC molecules (6) (reviewed in (7)). Nonpro-
teasomal proteolytic pathways were also suggested as pos-
sible contributors to the MHC peptidome, including proteol-
ysis by the ER resident Signal peptide peptidase (8, 9), the
cytoplasmic proteases Insulin degrading enzyme (10), Tripep-
tidyl peptidase (11–13), and a number of proteases within the
endolysosome pathway (reviewed recently in (14–17)). In con-
trast to the mostly cytoplasmic and ER production of the MHC
class I peptidome, the class II peptidome is produced in a
special compartment, associated with the endolysosome
pathway (18–20). This pathway is also thought to participate
in the cross presentation of class I peptides, derived from
proteins up-taken by professional antigen presenting cells
(21), (reviewed in (15–17, 22)).

The centrality of the proteasomes in the generation of the
MHC peptidome was deduced mostly from the observed
change in presentation levels of small numbers of selected
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peptides, following proteasome inhibition (3, 23). Even the
location of some of the genes encoding the catalytic subunits
of the immunoproteasome (LMP2 and LMP7) (24) within the
MHC class II genomic locus, was suggested to support the
involvement of the proteasome in the generation of the MHC
class I peptidome (25). Similar conclusions were deduced
from alterations in peptide presentation, following expression
of the catalytic subunits of the immunoproteasome (26), (re-
viewed in (5)). Yet, although most of the reports indicated
reductions in presentation of selected peptides by protea-
some inhibition (3, 27–29), others have observed only limited,
and sometimes even opposite effects (23, 30–32).

The matter is further complicated by the indirect effects of
proteasome inhibition used for such studies on the arrest
of protein synthesis by the cells (33–35), on the transport rates
of the MHC molecules to the cell surface, and on their retro-
grade transport back to the vesicular system (36) (reviewed in
(37)). Proteasome inhibition likely causes shortage of free
ubiquitin, reduced supply of free amino acids, and induces an
ER unfolded protein response (UPR), which signals the cells
to block most (but not all) cellular protein synthesis (reviewed
in (38)). Because a significant portion of the MHC peptidome
originates from degradation of DRiPs and SLiPs (reviewed in
(2)), arrest of new protein synthesis should influence the pres-
entation of their derived MHC peptides. Taken together, these
arguments may suggest that merely following the changes in
the presentation levels of the MHC molecules, or even of
specific MHC peptides, after proteasome inhibition, does not
provide the full picture for deducing the relative contribution of
the proteasomal pathway to the production of the MHC pep-
tidome (reviewed in (7)).

MHC peptidome analysis can be performed relatively easily
by modern capillary chromatography combined with mass
spectrometry (reviewed in (39)). The peptides are recovered
from immunoaffinity purified MHC molecules after detergent
solubilization of the cells (40, 41), from soluble MHC mole-
cules secreted to the cells’ growth medium (42, 43) or from
patients’ plasma (44). The purified peptides pools are resolved
by capillary chromatography and the individual peptides are
identified and quantified by tandem mass spectrometry (40),
(reviewed in (45–47)). In cultured cells, quantitative analysis
can also be followed by metabolic incorporation of stable
isotope labeled amino acids (SILAC) (48). Furthermore, the
rates of de novo synthesis of both MHC peptides and their
proteins of origin can be followed using the dynamic-SILAC
proteomics approach (49) with its further adaptation to HLA
peptidomics (50–52).

This study attempts to define the relative contribution of the
proteasomes to the production of HLA class I peptidome by
simultaneously following the effects of proteasome inhibitors,
epoxomicin and bortezomib (Velcade), on the rates of de novo
synthesis of both the HLA class I peptidome and the cellular
proteome of the same MCF-7 human breast cancer cultured
cells. The proteasome inhibitors did not reduce the levels of

HLA presentations, yet affected the rates of production of
both the HLA peptidome and cellular proteome, mostly de-
creasing, but also increasing some of the synthesis rates of
the HLA peptides and cellular proteins. Thus, we suggest that
the degree of contribution of the proteasomal pathway to the
production of the HLA-I peptidome should be re-evaluated in
accordance with their effects on the entire HLA class-I pep-
tidome, while taking into consideration the inhibitors’ effects
on the synthesis (and degradation) rates of the source pro-
teins of each of the studied HLA peptides.

EXPERIMENTAL PROCEDURES

Cell Culture—Cultured cells were maintained in Dulbecco’s modi-
fied Eagles medium, supplemented with 10% fetal calf serum (FCS),
1% L-glutamine, 1% penicillin-streptomycin, in a humidified 5% CO2

incubator at 37 °C. The endogenous membranal HLA molecules,
presented at the surface of the MCF-7 are HLA-A*0201, B*18, B*44,
and Cw05 based on tissue typing performed in the Laboratory of
Clinical Immunology and Tissue Typing, Rambam Hospital, Haifa.

MATERIALS AND METHODS

Epoxomicin, the specific irreversible proteasome inhibitor, was
obtained from Peptide Institute (Minoh-shi, Osaka, Japan). Bort-
ezomib (Velcade) was obtained from Selleckchem (Huston, TX). The
antibodies used were: w6/32, a mouse anti-pan-HLA (native HLA A,
B, C); bb7.2, a mouse anti native HLA-A2; and HB-149, a mouse anti
�-2-microglobulin. The antibodies were all produced from the rele-
vant hybridoma (obtained from the ATCC) grown in culture or from
ascites fluid; rabbit monoclonal anti-HLA class I was obtained from
Abcam (Cambridge, UK). The anti-ubiquitin was a rabbit polyclonal
Ab, obtained from Dako (Glostrup, Denmark). Goat anti-rabbit IgG
conjugated to alkaline phosphatase was obtained from Sigma-Aldrich
(St. Louis, MO). Goat anti-mouse FITC was obtained from Jackson
Immunoresearch (Pennsylvania, USA). Donkey anti-mouse IgG (H�L)
Alexa Flour 594 was obtained from Invitrogen (Carlsbad, CA).

Metabolic Labeling of Cells with Stable Isotope Amino Acids—
Simultaneously with the addition of 1 �M epoxomicin or 2 �M bort-
ezomib, the growth medium of the cells was changed to Dulbecco’s
modified Eagles medium, lacking leucine, lysine, and arginine (pur-
chased from Beit Haemek, Israel) and containing 10% dialyzed FCS.
This medium was supplemented with heavy leucine (13C6,15N-Leu),
heavy lysine (13C6,15N2-Lys), and arginine (13C6,15N4-Arg) at a final
concentration of 52 mg/L, 147.6 �g/�l, and 87.3 �g/�l, respectively
(Cambridge Isotope Laboratories, Andover, MA).

Trypsin Digestion of Protein Extracts—Proteins were dissolved in 8
M Urea containing 20 mM dithiotreitol and 400 mM ammonium bicar-
bonate and heated to 60 °C for 30 min. Next, the proteins were
modified with 100 mM iodoacetamide at room temperature for 30 min,
diluted with three volumes of water, and digested with modified
trypsin (Promega, Madison, WI) at a 1:100 enzyme-to-substrate ratio,
overnight at 37 °C.

Affinity Purification of the HLA Complexes—The HLA molecules
were purified essentially as in (40) with minor modifications. The cells
were released from the plates with trypsin, washed three times with
cold PBS by centrifugation and then incubated for 1 h at 4 °C with
mild stirring in lysis buffer, containing 0.25% sodium deoxycholate,
1% octyl-�-glucopyranoside, 33 �g/ml iodoacetamide, 1 mM EDTA,
1:200 Protease inhibitors mixture (Sigma), and 1:1000 Phenylmeth-
anesulfonyl fluoride (PMSF). The cell lysate was spun at 18,000� g for
30 min and the supernatant was passed through a column containing
the w6/32 antibody covalently bound to protein A Sepharose beads,
as in (42) or to AminoLink beads (Pierce, Thermo-Fisher, Rockford, IL)
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as in (44). The columns were washed twice with ten column volumes
of 150 mM NaCl, 20 mM Tris-HCl, once with ten volumes of 400 mM

NaCl and with seven volumes of 20 mM Tris-HCl pH 8. The peptides
were separated from the heavy subunits of the HLA molecules by
elution with 1% trifluoroacetic acid (TFA) (Sigma) followed by their
concentration and desalting on disposable Silica C-18 column (Har-
vard Apparatus, MA) in a modification (by Michal Bassani-Sternberg
and Arie Admon) of the HLA peptide purification procedure described
in (44), as follows: The disposable C-18 columns were washed with
0.1% trifluoroacetic acid (TFA) and the HLA peptides were eluted with
0.1% TFA and 30% acetonitrile, to separate the HLA peptides from
the HLA �-chain and the �-2-microglubulin. Next, the protein subunits
were eluted from these C18 disposable columns with 0.1% TFA and
80% acetonitrile. The recovery of the HLA molecules was evaluated
by Western blotting (Fig. 3). The solvent was evaporated to dryness
and the peptides were dissolved in 0.1% TFA and stored until use at
�80 °C.

LC-MS/MS Analysis—The recovered HLA class I peptides (or tryp-
tic peptides) were analyzed by �LC-MS/MS using an OrbitrapXL
mass spectrometer (Thermo-Fisher) fitted with a capillary HPLC (Ek-
sigent). The peptides were loaded onto a C18 trap column (0.3 � 5
mm, LC-Packings) connected on-line to a homemade capillary col-
umn (75 micron ID) packed with Reprosil C18-Aqua as in (53) and
resolved using 7–40% acetonitrile gradients in the presence of 0.1%
formic acid during 2 h. Top seven, (1–3 charged peptides for MHC
peptides and 2–3 charged tryptic peptides) were selected for frag-
mentation by collision induced disintegration (CID) from each full
mass spectrum according to the following criteria: Exclusion lists of
up to 500 for 90 s;. the mass range of the selected peptides was
350–2000 Th, the AGC was set to target value of 107 ions for the full
MS, and a target value of 5 � 105 for the full MS and 1 � 104 for the
MS/MS. Ion selection threshold was set to 3 � 104 counts and the
resolution was set to 7 � 104.

Data Analysis—Peptides were identified and the dynamic-SILAC
data were quantified using the MaxQuant and the Proteome Discov-
erer software tools. Graphical representation of the bioinformatics
results was performed with Perseus, version 1.3.0.4.

MaxQuant (54) version 1.3.0.5 was used with the Andromeda
search engine (55) and the human section of Nov 2011 of UniProt
containing 20257 entries and mass tolerance of 6 ppm for the pre-
cursor masses and 0.5 Da for the fragments. Methionine oxidation
was accepted as variable modification for both tryptic and HLA pep-
tides. Carbamidomethyl cysteine and n-acetylation were accepted as
modification for the proteomics analyses. Minimal peptide length was
set to seven amino acids and a maximum of two miscleavages was
allowed for tryptic peptides. The false discovery rate (FDR) was set for
tryptic peptides to 0.01 for protein identifications, and 0.05 for the
MHC peptides. The resulting identified protein tables were filtered to
eliminate the identifications derived from the reverse database, as
well as common contaminants.

Proteome Discoverer version 1.3 (Thermo-Fisher) was used with
UniProt of April 2012 for the Sequest search (containing 20220 en-
tries) and July 2012 for the Mascot search (containing 20306 entries).
Mass tolerance was set to 6 ppm for the precursors and 0.5 Da for the
fragments. Methionine oxidation and n-acetylation were accepted as
variable modification for both tryptic and HLA peptides. Carbam-
idomethyl cysteine was set as fixed modification for the proteomic
analyses. Mass range of 350–5000 Da was used for tryptic peptides
and mass range of 750–2500 Da was used for the MHC peptides. For
both tryptic and MHC peptides the PSMs were filtered with at least
0.05 FDR (medium confidence), peptide maximum rank was set to 1.
Minimal number of identified peptides per proteins was set to 2.

Flow Cytometry—Treated and untreated cells were released from
the culture plates by short trypsin treatment and washed three times

with phosphate-buffered saline (PBS) by centrifugation. Cells were
incubated with the primary antibodies, w6/32 or bb7.2, for 1 h,
followed by the anti-mouse FITC-labeled secondary antibody
(Sigma), for 30 min, at 4 °C. Next, the cells were re-suspended in PBS
for flow cytometry that was performed with a FACS-LSR-II (BD
Biosciences).

Confocal Microscopy—Cells were grown on sterile cover slips in
6-well plates. The DNA was stained with 1:1000 Hoechst for 15 min.
Cells were washed with PBS three times, fixed with 0.5% paraform-
aldehyde for 10 min, washed again with PBS three times and incu-
bated with the primary antibody in the perforation buffer, containing
0.1% bovine serum albumin (BSA), 0.05% saponin, and 1% FCS in
PBS, for 40 min. at 4 °C. The primary antibodies used were: w6/32 or
bb7.2 and anti-ubiquitin. The cells were washed with PBS, 0.1% BSA
and incubated with secondary antibodies labeled with Alexa-Fluor or
with FITC in the perforation buffer for 20 min at 4 °C, washed and
stored in PBS at 4 °C until use.

ELISA—The 96-well microtitre plates (Nunc, Rochester, NY) were
coated overnight with 1 �g of the mAb, either the bb7.2 or the HB149
(anti-�2m) in 100 �l PBS. The plates were subsequently incubated
with the solution containing the HLA complexes for 3 h, followed by
incubation with biotinylated mAb w6/32 (0.2 �g/well), and next by
streptavidin-HRP (Sigma, 1:2000, 100 �l/well). The color reaction was
developed by adding a peroxidase colorimetric substrate—TMB Blot-
ting Solution (Nalgene, Rochester, NY) and was stopped after color
development with 1N H2SO4. The absorbance was measured at 450
nm with a Zenyth 3100 ELISA reader (Anthos).

Determining the Effectiveness of Proteasome Inhibitor—Cell ex-
tracts were incubated with increasing concentrations of epoxomicin
and with 100 �M of the fluorogenic proteasome substrates Suc-LLVY-
AMC or 400 �M Boc-LRR-AMC (Bachem Bioscience Inc.) in 25 mM

Tris pH 7, 10 mM MgCl2, 10% glycerol, 1 mM ATP, and 1 mM DTT. The
fluorescence was measured during the linear course of the peptido-
lytic reaction, following 10 min and 1 h of incubation. Excitation was
at 380 nm and emission at 460 nm using an Aminco Bowman Series
2 fluorimeter.

Cell Proliferation Assay—The assay was performed with the Cell
Proliferation Kit (XTT based) (Beit Haemek, Israel) according to the
manufacturer’s instructions. Briefly, the MCF-7 cells were cultivated
in a flat 96-well plate with 100 �l of growth media. Fifty microliters of
the reaction solution, containing activation solution and tetrazolium
salt XTT in 1:50 ratio, were added to each well, which were treated
with increasing concentration of the inhibitors. XXT is reduced by the
metabolically active cells to an orange colored formazan. The absor-
bance ratio of the samples was measured by an ELISA reader at
450–500 nm, at different time points following the treatment.

RESULTS

Inhibition of the Proteasome did not Reduce HLA Class I
Presentation—To assess the effect of the proteasome inhib-
itors on the production pipeline of the HLA-peptidome, we
first tested the inhibitors effects on the levels of cell surface
presentation of the HLA molecules, both by flow cytometry
and by confocal microscopy. The levels of the mHLA class I
molecules were not reduced by the proteasome inhibition in
all of the tested cell lines, and in some cases the mHLA levels
were even slightly increased. An example for the lack of effect
of both epoxomicin and bortezomib on MCF-7 cells is shown
in Fig. 1. Similar lack of effects of epoxomicin on other cell
lines, such as UCI-107, MDA-231 and HeLa, and also the
absence of effects by the proteasome inhibitors MG132 and
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lactacystin are shown in supplemental Fig. S1. The same
phenomena were confirmed also by confocal microscopy,
which suggested even that the inhibitors may have increased
somewhat the intracellular levels of HLA molecules, possibly
because of interference with their transport (Fig. 2). The ef-
fects of the inhibitors on the total levels of mHLA molecules
were also assessed by Western blotting, confirming that the
cellular pools of HLA molecules were not reduced and may
have even been slightly elevated by the proteasome inhibition
(Fig. 3).

Evaluating the Efficiency of the Inhibitors and Their Effect on
the Cells’ Viability—We first confirmed that the inhibitors were
indeed effective at the tested concentrations for proteasome
inhibition in the MCF-7 cells. Both inhibitors (bortezomib and
epoxomicin) were similarly effective under these conditions.
The inhibitors were first tested in vitro, focusing mostly on the
chymotrypsin-like proteasome activity and using the fluoro-
genic substrate Suc-LLVY-AMC with cell extracts of MCF-7
cells. The treatment with epoxomicin and bortezomib reduced
the chymotryptic-like proteasome activity to about 20% of its
uninhibited activity and, as expected, had little effect on the
proteasomes’ trypsin-like activity with Boc-LRR-AMC as sub-
strate (supplemental Fig. S2). Epoxomicin was also assessed
in vivo for its effect on the viability of the cells, using the XTT
assay (56). The lowest concentrations of epoxomicin and
bortezomib used caused detectable reduction in the viability
of the studied cells, already after 24 h of treatment (supple-
mental Fig. S3). This inhibition also caused significant eleva-
tion in the levels of ubiquitination of the cellular proteins, as
seen by confocal microscopy with the anti-ubiquitin antibod-
ies, demonstrating significant accumulation of ubiquitinated
proteins in the cytoplasm (supplemental Fig. S4A). The same

results were demonstrated by Western blotting, as indicated
by the shift to the high molecular weight of the cellular ubiq-
uitinated proteins (supplemental Fig. S4B). Thus, strong inhi-
bition of the proteasomes was obtained in the studied cells by
the tested concentration of the inhibitors. Yet, it became clear
that these inhibitions affected many cellular processes. Most
importantly, such high concentrations of the inhibitors used in
this study could not have been used for extended periods of
time because of their drastic effects on the cells’ viability. It is
still possible that the detected 10–20% residual proteasome
activity was sufficient to supply the HLA peptidome produc-
tion pipeline. These observations called for the use of a dif-
ferent approach for a comprehensive and unbiased evaluation
of the inhibitor effects on the processes of HLA peptides
production, while taking into consideration their impact on
protein synthesis and degradation.

FIG. 1. The effect of proteasome inhibition on the levels of cell
surface HLA molecules. Inhibition of the proteasomes by epoxomi-
cin or bortezomib did not reduce the level of presentation of HLA
class I molecules at the surfaces of the MCF7 cell line as observed by
flow cytometry. Cells were decorated with w6/32 mAb and with
secondary anti-mouse IgG FITC labeled antibodies Goat anti mouse
FITC obtained or Donkey anti mouse IgG Alexa Flour 594.

FIG. 2. Proteasome inhibition did not reduce the levels of the
HLA class I. The levels of HLA-I of different cell lines were followed
after treatment for 24 h with epoxomicin as detected by confocal
microscopy. The DNA was stained with Hoechst (in blue) and the HLA
class I was stained with the w6/32 mAb (in red).
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The Proteasome Inhibition Slowed the Synthesis Rates of
Most Cellular Proteins—A combined HLA peptidomics and
proteomics analysis was performed using the dynamic-SILAC
methodology to simultaneously follow the effects of the pro-
teasome inhibitors on the rates of synthesis of the cellular
proteins and their derived proteolytic products, the HLA pep-
tides. The effects of the inhibition on the cellular proteome
and the HLA peptidome were first followed up to 26 h. How-
ever, when it became apparent that during such extended
periods of treatment, and at the high concentration of inhibi-
tors used, the synthesis of most proteins was severely slowed
down (Fig. 4 and supplemental Table S1A and S1B) and many
of the cells even became apoptotic (supplemental Fig. S3), the
subsequent experiments were performed during shorter time
scales. Samples were taken for proteomics and HLA peptido-
mics analyses at 2 and 4 h, just before the massive changes
in protein synthesis took place (Fig. 4 and supplemental Table
S2A and S2B). The proteasome inhibitors were tested in the
MCF-7 cells using dynamic-SILAC after transferring the cells
to growth media containing heavy lysine and arginine, simul-
taneously with the addition of the inhibitors. The synthesis
rates of many of the cellular proteins, for whom rates could be
defined, were significantly reduced or even stopped com-
pletely by the inhibitors. Yet, a few proteins were not affected
by the inhibitors and the synthesis rates of a number of other
proteins even increased. The data are shown for each inhibitor
relative to the untreated cells (DMSO added instead of the
inhibitor) as the ratio of heavy/light labeled peptides at 4 h
after shifting the cells from the “light” to “heavy” amino acids
medium (Figs. 5A-epoxomicin, and 5B-bortezomib). Impor-
tantly, the synthesis rates of the HLA proteins (both the heavy
chain and the �-2-microglobulin) were not slowed down by
the proteasome inhibitors (Fig. 6, Table I and supplemental
Table S2A and S2B). The data set of about 2500 cellular
proteins with their signal intensities and synthesis dynamics
are listed in supplemental Tables S1A/B and S2A/B.

Inhibition of the Proteasome had Mixed Effect on the Levels
and the Production Rates of the HLA Peptides—Similarly to
their effects on protein synthesis, the proteasome inhibitors
had variable effects on the levels and the synthesis rates of
the HLA peptides. Although most of the HLA peptides were
reduced in their amounts by the proteasome inhibition, the
levels of many others were increased (supplemental Table
S3A and S3B). Such results are expected, because the total
level of the HLA molecules did not change because of the
inhibition. This observation points to mixed effect of the in-
hibitors on the production pipeline of the individual HLA pep-
tides, similarly to their complex effect on the synthesis rates of
the cellular proteins. For the HLA peptidomic analysis, heavy
leucine was added to the growth media, in addition to the
heavy arginine and lysine normally used in proteomics SILAC
experiments, to increase the number of labeled and quantifi-
able HLA peptides. Leucine is frequently found in the HLA
peptides displayed by the MCF-7 cells’ endogenous mHLA
A2*01, B*18, B*44, and Cw05 allotypes. Moreover, peptides
presented by these HLA alleles are good probes for the ef-
fects of these inhibitors on the chymotrypsin-like proteasome
activity, which generates peptides with hydrophobic C termini
residues, such as those presented by the allotypes of these
cells. Proteome-Discoverer identified 1776 HLA peptides and
1224 unique HLA peptides. A few selected examples are
listed in Table I and the entire data set is listed in supplemen-
tal Table S3A for the MaxQuant analysis and supplemental
Table S3B for the Proteome-Discoverer analysis with the
same raw LC-MS/MS data. Most peptide sequences fitted the
known consensus binding motifs of the endogenous mHLA
allotypes. The identified peptides were derived from a diver-
sity of intracellular proteins, without significant preference to
particular cellular functions or locations. The most striking
observation was that even after treatment with epoxomicin or
bortezomib, close to a third of the identified HLA peptides
were detected in their heavy forms. About half of the identified
peptides were detected in their heavy isotope isoforms, at

FIG. 3. Validation by Western blot of the effects of epoxomicin
and bortezomib on the levels of HLA-I in MCF7 cells before and
after treatment with 1 �M epoxomicin or 2 �M bortezomib. The
Western blots were developed with rabbit monoclonal anti-HLA class
I and color development with alkaline phosphatase conjugated to
polyclonal goat anti-rabbit IgG.

FIG. 4. The rates of synthesis of most proteins were reduced by
treatments with epoxomicin or bortezomib. Median synthesis
rates of proteins detected with both heavy and lights forms in
untreated, epoxomicin or bortezomib treated cells.
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multiple time points, in the uninhibited cells. Such labeled
peptides were derived from proteins that were both synthe-
sized and degraded after the treatment with the inhibitors.
Different types of responses to the inhibitions were observed

among the HLA peptides. The synthesis rates of most HLA
peptides, whose kinetic data could be defined, were inhibited
by the inhibitors, whereas others were unaffected and a small
number of the HLA peptides even increased in their synthesis

FIG. 5. Examples for the degrees of
labeling of the cellular proteins with
heavy amino acids at the 4 h’ time
point of untreated cells (DMSO) rela-
tive to epoxomicin (A) or bortezomib
(B) treated cells (log2 scales, results of
the 2D-LC-MS/MS analysis).
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rates (Fig. 7). However, it should be stressed that the majority
of the detected and identified HLA peptides shifted from the
light to the heavy forms too slowly for determination of syn-
thesis kinetics during the experiment timeframe, and not be-
fore the massive cell death took place. Peptides of this last
group were observed only in their light forms throughout the
experiments in both the treated and untreated cells. Selected
examples for these groups of peptides are listed in Table I,
whereas the entire data set is listed in supplemental Tables
S3A and S3B.

Relative Synthesis Rates of the HLA Peptides and Their
Source Proteins—Combining the dynamic-SILAC data of the
HLA peptidome and proteome of the same cultured cells
enabled taking into consideration the inhibitor effects on the
production rates of both the HLA peptides and their source
proteins. Only a relatively small number of pairs of HLA pep-
tides and their proteins of origin could be detected in this
study with accurately definable synthesis dynamics. The de-
tection of only a small numbers of HLA peptides and their
source protein pairs is most likely caused by the normally low
correspondence between the HLA peptidome and the pro-
teome of the same cells. A few selected examples are listed in
Table I and more are listed in supplemental Table S4. Indeed,
complex effects were also observed on the relative synthesis
rates of the cellular proteins and their derived peptides (Fig.
8). Yet, many of the detected HLA peptides shifted in their
synthesis rates, to the heavy form, faster than their proteins of
origin. The faster shifts from the light forms to the heavy forms
of a number of HLA peptides, relative to their proteins of
origin, were observed also in the epoxomicin and bortezomib
treated cells.

DISCUSSION

Dynamic SILAC Provides Rich Information About the HLA
Peptidome Production Pipeline—If indeed the proteasome is
the main protease responsible for degradation of cytosolic
proteins, supplying the HLA class I peptidome pipeline (3, 29,
57, 58), its inhibition should have a profound effect on the HLA
peptidome. One expected outcome is that the levels of the

HLA molecules should be reduced because of the reduced
supply of peptides for loading onto the HLA molecules in the
ER, as happens in TAP deficient cells (T2 or RMAs); an out-
come that was not observed in this study. Alternatively, the
remaining residual proteasome activity is sufficient for pro-
ducing excess amounts of peptides for loading onto the HLA
molecules. In such case, no reductions in the level of the HLA
are expected, even when the proteasomes are strongly inhib-
ited. Another possibility is that other proteolytic activities pro-
duce some or most of the HLA peptides and supply sufficient
amount of peptides for the HLA pipeline. Furthermore, it is
also possible that such alternative proteolytic pipelines may
become more active during proteasome inhibition.

Because the total levels of the peptidome remain relatively
constant and individual peptides were influenced differently
by the inhibitions, following changes in the levels of a few
peptides by using specific T cells or TCR-like antibodies is
not informative enough. Because we detected many pep-
tides that responded differently in their levels and rates of
synthesis to the inhibition, we believe that combining HLA
peptidomics and proteomics with dynamic-SILAC, as de-
scribed here, is essential for defining the effect of the inhib-
itors on the production pipelines of the HLA peptidome. The
dynamic-SILAC methodology, used in this study, was pre-
viously used to follow individual rates of production of large
sets of proteins (49, 59) and HLA peptides (50–52), re-
viewed in (39).

The modified method for the purification of MHC peptides
that is described here (based on two step elutions from dis-
posable reversed-phase columns, developed by M. B.-S. and
A. A.) enables better yields of MHC peptides from limiting
amounts of starting material. Better yield and higher purity of
HLA peptide preparations are needed for analysis of the
plasma soluble HLA, when quantities are limited by the avail-
able volumes of the patient’s blood samples (44). After the
immunoaffinity enrichment, the acid eluted peptides are col-
lected directly onto a disposable C18 tip column and eluted
with 30% acetonitrile. Next, the protein subunits are efficiently
recovered with 80% acetonitrile, resulting in both pure pep-
tides preparations in minimal volumes and sufficient amounts
of the HLA a-chain and �-2-microglobulin for stained gel
detection or for Western blot evaluation of the efficiency of the
process (Fig. 3).

Faster Shifting Peptides, Relative to Their Source Proteins,
may Indicate DRiPs Origin—A number of pairs of HLA pep-
tides and their protein of origin were observed with measur-
able rates of shifts from their light to heavy forms. Interest-
ingly, even among the few measurable dynamic-SILAC rates
of proteins and their derived HLA peptides, a larger proportion
of HLA peptides shifted from the light to the heavy forms
faster than their source proteins. This observation supports a
DRiPs origin for many of these HLA peptides. The HLA pep-
tides that shift from the light to the heavy forms at the same or
at slower rates relative to their proteins of origin are likely

FIG. 6. The rate of synthesis of the HLA heavy chain and �-2-
microglobulin were not affected significantly by the proteasome
inhibitors.
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derived from “retiree” proteins. Yet, the observation that part
of the peptides shifted to their heavy forms faster than their
source proteins can only be explained by a significant contri-
bution to the HLA peptidome from DRiPs sources. Further-
more, in the inhibited cells a few HLA peptides shifted from
their light to the heavy forms faster than their source proteins.
This observation suggests that the proteasome inhibitors in-
creased the formation of DRiPs in these cells, possibly be-
cause of the deleterious effects of the inhibitors on the cellular
metabolism. This phenomenon further complicates the inter-
pretation of the contribution of the proteasome to the HLA
peptidome. It hinders simple distinction between an increase
in proteins misfolding and DRiPs production and increase in
the activity of nonproteasomal proteolytic pathways, caused
by the cellular stress induced by the proteasome inhibition.
The existence of alternative production pipelines for MHC
peptides, supplementing the peptide pool when the protea-
somes are inhibited, was already suggested by (30), (reviewed
in (7, 14)). It was also suggested that an alternative proteolytic
pathway may be responsible for production of MHC peptides
from DRiPs (60). It is possible that the data presented here fits
such conclusions. Yet, the same observations can be ex-
plained by merely an increase in the misfolding of cellular
proteins, which results in an increase in the production of
MHC peptides.

Does an Alternative Proteolytic Pipeline Contribute to the
Production of the HLA Peptidome?—A few reports have sug-
gested that other, nonproteasomal, routes are significant in

the generation of the HLA peptidomes (30, 61, 62) (reviewed
in (7, 14)). The alternative pipeline for supplying the required
variety of peptides needed for HLA display is likely the vacu-
olar/endolysosomal pathway (63). This pathway is supplied
with cellular proteins for proteolysis mostly by autophagy. The
vacuolar/endolysosomal pathway was proposed as a signifi-
cant, nonproteasomal degradation pathway for a variety of
cytosolic and membranal proteins (64). The endolysosomal
pathway was studied more for its involvement in producing
the HLA class II peptidomes (reviewed in (16, 17)) and for
cross presentation of HLA class I peptides ((65), reviewed in
(22, 66–68)). Furthermore, although the proteasome was pro-
posed as the main protease responsible for degradation of
newly synthesized proteins, including DRiPs and SLiPs, au-
tophagy and lysosomal proteolysis were mostly associated
with degradation of long-lived, house-keeping proteins and
whole organelles at the end of their functional lifecycles (64).
Of interest is a recent study that suggests that a significant
fraction of the MHC peptidome is derived from proteins
whose transcripts have micro-RNA elements, which may af-
fect the DRiPs production rates of the encoded proteins (69).
The quantitative data provided in this study, points to the
possible large involvement of such nonproteasomal pathways
with the production of the HLA class I peptidome, including
contributions from newly synthesized proteins. Yet, it is also
possible that such alternative pathways become more signif-
icant in supplying the HLA class I peptidome only when the
proteasomes are inhibited.

TABLE I
Examples for the effects of the inhibitors on the rates of synthesis of selected HLA peptides and their source proteins. The synthesis rates of
HLA Peptides and tryptic (and thus the proteins) were defined by the rate of shift from their light to heavy forms. The entire data set is listed

in supplemental Data Tables S1, S2, S3, and S4

Protein IDs Protein names Ratio H/L
0h-control

Ratio H/L
2h-dmso

Ratio H/L
4h-dmso

Ratio H/L
2h-epoxo

Ratio H/L
4h-epoxo

Ratio H/L
2h-bortezomib

Ratio H/L
4h-bortezomib

protein/HL
A peptide

O75934 splicing factor SPF27 0.22 0.38 0.23 0.49 0.25 0.50 Protein
O75934 splicing factor SPF27 0.02 0.33 0.81 0.21 0.26 0.12 HLA-p
P01892 HLA class I 0.49 1.06 0.67 1.05 0.68 0.90 Protein
P01892 HLA class I 0.70 2.53 0.43 0.71 HLA-p
P04155 Trefoil factor 1 0.17 0.48 0.18 0.41 0.18 0.39 Protein
P04155 Trefoil factor 1 0.41 0.90 1.41 0.57 0.70 0.96 HLA-p
P11802 Cyclin-dependent kinase 4 0.26 0.16 Protein
P11802 Cyclin-dependent kinase 4 0.05 0.13 0.05 0.09 0.10 0.17 HLA-p
P35244 Replication protein A 0.76 0.38 0.72 0.37 Protein
P35244 Replication protein A 1.00 0.48 1.81 1.88 HLA-p
P60660 Myosin light polypeptide 6 0.16 0.32 0.21 0.43 0.22 0.43 Protein
P60660 Myosin light polypeptide 6 0.01 0.18 0.51 0.02 0.02 0.01 HLA-p
P61769 Beta-2-microglobulin 0.21 0.68 0.20 0.55 0.25 0.56 Protein
P61769 Beta-2-microglobulin 0.43 1.16 0.44 0.34 HLA-p
P62195 26S protease regulatory

subunit 8
0.04 0.12 0.11 0.20 0.09 0.17 Protein

P62195 26S protease regulatory
subunit 8

0.16 0.50 HLA-p

P84243 Histone H3 0.09 0.21 0.15 0.26 0.11 0.68 Protein
P84243 Histone H3 0.63 1.37 0.28 0.25 0.49 0.40 HLA-p
Q15008 26S proteasome subunit 6 0.16 0.39 0.19 0.42 0.20 0.40 Protein
Q15008 26S proteasome subunit 6 0.04 0.12 0.27 0.06 0.04 0.10 0.23 HLA-p
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CONCLUSIONS

Further studies are needed to evaluate the precise contri-
bution of the different proteolytic pathways to the production

pipelines of the HLA peptidome. Yet, relying on proteasome

inhibition for such studies should be approached cautiously.

The impact of these inhibitions should not be followed only by

FIG. 7. The effect of epoxomicin and
bortezomib on normalized LC-MS
rates synthesis of HLA peptides in un-
treated relative to epoxomicin (A) and
bortezomib (B) treated cells (log2

scales).
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following their effects on the cell surface levels of individual
MHC peptides presentations, but should also rely on analysis
of their rates of synthesis, while correlating these with their
indirect effects on the synthesis and degradation rates of their
source proteins. The introduction of yet more powerful mass
spectrometers and bioinformatics techniques are likely to pro-

vide larger coverage and better correlations between the dy-
namics of the proteomes and the MHC peptidomes of differ-
ent cells and under different conditions. Elucidation of the role
of the different proteases in production of the HLA peptidome
is of value for its clinical implication, especially in light of the
expanding use of proteasome inhibitors for treatment of dif-

FIG. 8. The rates of synthesis of different proteins relative to their derived HLA peptides, as measured by the rates transformation
from the light to the heavy forms at the 4 h’ time point in untreated (A), or epoxomicin (B), or bortezomib (C) treated cells (log2 scales).
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ferent diseases (reviewed in (70)). Thus, the relative contribu-
tions of the proteasomal and nonproteasomal routes in shap-
ing the HLA peptidome and their influence on the immune
response to viruses, cancer, or self-antigens, should be fur-
ther explored (71).

Supporting Information—The mass spectrometry proteom-
ics data have been deposited to the ProteomeXchange Con-
sortium (http://proteomecentral.proteomexchange.org) via
the PRIDE partner repository (72) with the data set identifier
PXD000171.
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Autophagy enhances the presentation of endogenous viral antigens on
MHC class I molecules during HSV-1 infection. Nat. Immunol. 10,
480–487

64. Klionsky, D. J., and Emr, S. D. (2000) Autophagy as a regulated pathway of
cellular degradation. Science 290, 1717–1721

65. Houde, M., Bertholet, S., Gagnon, E., Brunet, S., Goyette, G., Laplante, A.,
Princiotta, M. F., Thibault, P., Sacks, D., and Desjardins, M. (2003)
Phagosomes are competent organelles for antigen cross-presentation.
Nature 425, 402–406

66. Compeer, E. B., Flinsenberg, T. W., van der Grein, S. G., and Boes, M.
(2012) Antigen processing and remodeling of the endosomal pathway:
requirements for antigen cross-presentation. Front Immunol. 3, 37

67. Kreer, C., Rauen, J., Zehner, M., and Burgdorf, S. (2011) Cross-Presenta-
tion: How to Get there - or How to Get the ER. Front Immunol. 2, 87

68. Wagner, C. S., Grotzke, J. E., and Cresswell, P. (2012) Intracellular events
regulating cross-presentation. Front Immunol. 3, 138

69. Granados, D. P., Yahyaoui, W., Laumont, C. M., Daouda, T., Muratore-
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